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Abstract 

Ion thruster total impulse capability is limited, in 
part, by accelerator grid sputter erosion. A development 
effort was initiated to identify a material with a lower 
accelerator grid volumetric sputter erosion rate than 
molybdenum, but that could utilize the present NSTAR 
thruster grid design and fabrication techniques to keep 
development costs low, and perform as well as 
molybdenum optics. After comparing the sputter 
erosion rates of several atomic materials to that of 
molybdenum at accelerator voltages, titanium was 
found to offer a 45% reduction in volumetric erosion 
rates. To ensure that screen grid sputter erosion rates 
are not higher at discharge chamber potentials, titanium 
and molybdenum sputter erosion rates were measured 
at these potentials. Preliminary results showed only a 
slightly higher volumetric erosion rate for titanium, so 
that screen grid erosion is insignificant. A number of 
material, thermal, and mechanical properties were also 
examined to identify any fabrication, launch 
environment, and thruster operation issues. Several 
titanium grid sets were successfully fabricated. A 
titanium grid set was mounted onto an NSTAR 30 cm 
engineering model ion thruster and tested to determine 
optics performance. The titanium optics operated 
successfully over the entire NSTAR power range of 0.5 
to 2.3 kW. Differences in impingement-limited 
perveances and electron backstreaming limits were 
found to be due to a larger cold gap for the titanium 
optics. Discharge losses for titanium grids were lower 
than those for molybdenum, likely due to a slightly 
larger titanium screen grid open area fraction. Radial 
distributions of beam current density with titanium 
optics were very similar to those with molybdenum 
optics at all power levels. Temporal electron 
backstreaming limit measurements showed that 
titanium optics achieved thermal equilibrium faster than 
molybdenum optics. 


Introduction 

The recent success of the NSTAR (i.e. NASA 
Solar Electric Propulsion Technology Applications 
Readiness Program) 30 cm ion thruster system on the 
Deep Space I mission has demonstrated the viability of 
ion propulsion for deep space missions. 1 " This success 
has also made ion propulsion a potential candidate for 
other deep space missions, such as the Comet Nucleus 
Sample Return, Mercury Orbiter, Neptune Orbiter, 
Titan Explorer, Europa Lander, and others. However, 
many of these missions require increasing the thruster’s 
total impulse capability beyond the demonstrated 8200 
hours at 2.3 kW. 3 Extending this capability is limited, in 
part, by charge-exchange sputter erosion of the 
accelerator grid. 3 ' 4 Although the thruster’s total impulse 
capability is greater than that demonstrated at 2.3 kW 
for 8200 hours, it is unclear whether the thruster’s 
molybdenum optics can achieve the 50-300% increases 
in total impulse anticipated for these ambitious 
missions. 1,3 

Changing the ion optics material to one with a 
lower volumetric sputter erosion rate is one of several 
methods that can be used to reduce accelerator grid 
erosion. To date, there has been considerable effort in 
developing carbon-carbon optics because of their 
significantly reduced volumetric sputter erosion rate, 
and because of other material benefits such as light 
weight, high strength, and low thermal expansion. 
Unfortunately, 30 cm carbon-carbon optics have not 
performed as well as molybdenum optics, have 
generally been costly, and have required long lead 
times for fabrication. 

A development effort was, therefore, initiated to 
identify another material with a lower volumetric 
sputter erosion rate than molybdenum, and to develop 
these ion optics at a low cost with a performance 
similar to that of molybdenum. This paper reports on 
the preliminary results of this development effort, 
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including the material selection process and initial 
performance measurements. 

Material Selection 

To keep development costs low, the candidate 
material must utilize the NSTAR thruster grid design 
and fabrication techniques, both of which are briefly 
described in the first section. The sections thereafter 
describe the process used to select titanium. Material 
properties are also examined to determine if titanium 
could be fabricated, operated, and would survive launch 
loads. 

Optics Design and Fabrication Process 

The NSTAR 30 cm ion thruster uses two grids 
made of perforated, domed molybdenum. The grid 
dome shape is hydrostatically formed, a process 
developed by NASA in 1972, 5 and the apertures are 
photo-chemically etched. The dome shape mitigates 
material buckling under thermal stresses during thruster 
operation, and offers mechanical stiffness under 
vibrational loads during launch. Photo-chemical etching 
provides a cost-effective method of machining large 
numbers of apertures to precise tolerances. 

Sputter Erosion - Accelerator Grid 

The sputter erosion rales of several atomic 
materials were compared lo that of molybdenum to 
identify materials with low volumetric sputter erosion 
rates. Alloys were not considered here because their 
sputter yields are generally unknown. Accelerator grid 
erosion is primarily from charge-exchange ions at 
energies approximating accelerator grid voltages. For 
the NSTAR thruster, these voltages are 150-250 V. 
Erosion rates due to sputtering from xenon were 
examined at energies between 100 and 600 eV. To 
simplify calculations and material comparisons, only 
sputter yield data for a normal angle of incidence were 
considered because these data are commonly available. 
A volumetric sputter erosion rate was calculated for 
each material, which is determined by the sputter yield 
divided by the number density of the material: 


m 

where V|.; r is the material volumetric erosion rate per 
incident ion, Y is the material sputter yield, m is the 
material atomic mass, p is the material density, M is the 
material atomic mass in amu, and N A is Avogadro's 
number. 

Because sputter yields tend lo vary from 
investigation to investigation, a material's erosion ratio, 
which is defined as the volumetric erosion of a material 
divided by the volumetric erosion of molybdenum: 


Vc 

Erosion Ratio = — — - (2) 

V E ? 

is plotted as a function of xenon energy where the 
sputter yields of a material and molybdenum were 
measured within the same investigation. This aided in 
eliminating some experimental inaccuracies since this 
ratio requires accurate relative sputter yields and not 
accurate absolute yields. Sputter yield data were 
obtained from Rosenberg and Wehner 6 and Blandino et 
al. 7 Only materials with volumetric erosion rates lower 
than molybdenum are shown in Fig. 1 . 

As the figure shows, there are a number of 
materials with erosion rates lower than molybdenum. 
Of the metals listed in the figure, zirconium, vanadium, 
and beryllium were not considered because of their 
toxicity. Carbon-carbon and niobium were also not 
considered because they cannot be made with the 
existing grid fabrication process. 

An austenitic stainless steel would have to be used 
in place of iron because of iron’s excessive corrosion at 
atmospheric conditions and its magnetic properties, 
which could negatively impact the discharge chamber 
magnetic circuit. However, an earlier study that utilized 
stainless steel grids on a 30 cm ion thruster determined 
that this material buckled under thermally-induced 
stresses. 8 As a result, stainless steel (or iron) was not 
considered. 

Titanium, however, appeared to be an excellent 
candidate grid material. It could be made with the 
existing grid fabrication process and offered a 45% 
reduction in volumetric erosion rates at accelerator grid 
potentials. 

Sputter Er osion - Screen Grid 

If titanium ion optics are to be considered, screen 
grid sputter erosion rates must not limit thruster total 
impulse capability. Sputter yield data for titanium and 
molybdenum by xenon at these low potentials (i.e, < 28 
V) are not available for comparison. Although 
theoretically- and empirically-derived models could be 
used, these results were not considered in this study 
since there are no known experimental data to confirm 
them. 

To compare volumetric sputter erosion rates at 
these low potentials, titanium and molybdenum sputter 
erosion rates were measured at thruster discharge 
chamber potentials in a simple xenon discharge. The 
experimental setup, shown in Fig. 2, included an anode, 
a hollow cathode surrounded by an enclosure, and a 
baffle located 1.5 cm downstream of the cathode that 
acted as the sputtering target. The baffle was a 3.4 cm 
diameter disk made of either titanium or molybdenum. 
Discharge and keeper currents were set to 13.0 A and 
2.5 A, respectively. The entire discharge was operated 
in a cryogcnically-pumpcd facility that had a base 
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pressure of 4.5x1 O' 5 Pa (3.4x1 O' 7 Torr) and an operating 
pressure of 1 .5x 1 0‘ 2 Pa ( 1 .2x 1 0 4 Torr). 

Typical anode and keeper voltages were about 21 
V and 8.2 V, respectively, relative to cathode potential. 
Since the plasma potential near the baffle was likely 
near anode potentials, the baffle was biased 1 0 V below 
cathode potential to increase xenon ion energies into the 
range of those for an NSTAR discharge chamber. This 
baffle bias also repelled electrons and, therefore, 
enabled ion current measurements. 

Baffle ion currents were 150-162 mA. Baffle 
volumetric erosion rates were determined by measuring 
the baffle mass loss after a total accumulated operating 
time of at least 20 hours, and then dividing by the 
baffle’s material density to convert to a volumetric loss. 
The varying baffle current was accounted for by 
dividing this volumetric loss rate by the baffle current. 

Initial test results indicate that the volumetric 
erosion rate of titanium is 17% higher than that of 
molybdenum at discharge chamber potentials. A post- 
test analysis of a 30 cm NSTAR ion thruster that was 
operated for 8200 hours at 2.3 kW only found a slight 
chamfering of the upstream screen grid apertures from 
sputter erosion. 1 The chamfering depth, however, never 
exceeded 11% of the grid thickness. Therefore, given 
molybdenum’s low screen grid erosion at discharge 
chamber potentials, the 17% higher volumetric erosion 
rate for titanium is insignificant. 

This result is, however, preliminary due to a 
number of parameters that remain to be examined. For 
example, although the base pressure was low enough 
and the baffle current high enough to preclude residual 
gases in the facility from affecting sputter erosion rates, 
it is unknown how much material from cathode 
potential surfaces was sputtered onto the baffle. 
Furthermore, the energy of incoming xenon ions was 
not accurately known since no plasma potential 
measurements were made near the baffle and since the 
multiply-charge xenon ion content was not measured. 
These issues should be further investigated. 

Material Properties Analyses 

A number of material, thermal, and mechanical 
properties were examined to identify any fabrication, 
launch environment, and thruster operation issues. The 
analyses of the following sections do not represent a 
complete investigation of the aforementioned topics. 
They are only intended to determine, in general, the 
suitability of titanium for ion optics. 

Material Properties 

Material properties for molybdenum and titanium 
are listed in Table 1 . Molybdenum properties are those 
for the grids on the NSTAR thruster. Titanium 
properties are those for a commercially-purc titanium 
grade with high iron and oxygen impurity contents, 


This grade of titanium was selected for its superior 
mechanical strength and availability. 

There arc a number of practical considerations 
regarding material cost and size availability that were 
examined. Titanium comes in larger sheet widths than 
molybdenum (i.e. 61.0 cm for molybdenum versus 91.4 
cm for titanium) so that larger diameter optics can be 
made. Titanium is also 80% cheaper than molybdenum. 
However, the NSTAR screen grid thickness would have 
to be increased by about 7% for titanium because this 
increased size is more readily availability. 

Fabrication Issues 

The two concerns regarding the fabrication of 
titanium grids were photo-chemical etching and grid 
forming characteristics. Titanium is corrosion resistant, 
a characteristic that makes it difficult to etch. 
Fortunately, there had been a need by other industries 
(e.g. medical industry) to develop photo-chemical 
etching techniques for titanium. As a result, vendors 
were identified that could photo-chemically etch this 
material. 

Titanium must be ductile enough to be 
hydrostatically formed. The usual measure of material 
ductility is elongation, which is listed in Table 1 for 
both molybdenum and titanium. As the table shows, 
titanium is 2.5-3x more ductile than molybdenum, so 
that ductility should not be an issue. However, the high 
yield strength and low elastic modulus of this grade of 
titanium results in a greater spring-back following 
hydrostatic forming. Titanium was calculated to spring- 
back twice as much as molybdenum, however, spring- 
back values were within 10% of the final domed height, 
and, therefore, considered insignificant. 

Launch Issues 

The two spacecraft launch issues examined were 
vibration-induced stresses and optics mass. The two 
vibration-induced stress issues considered were grid 
plastic deformation and movement. The analysis of 
vibration-induced stresses and grid movement was 
complicated by two facts: I) the shape of the grid will 
not necessarily be spherical under these stresses; and 2) 
the grids are perforated. As a result, straightforward 
calculations were not possible. However, simple 
comparisons could be made between molybdenum and 
titanium since the grid geometry would be similar and 
the g-load would be the same for each material. 

Plastic deformation occurs when the vibration- 
induced stress exceeds the clastic limit stress. Since the 
elastic limit stress is not typically given in literature, the 
yield strength at 0.2% offset, listed in Table 1, was 
used. Grid movement is a function of grid geometry and 
a grid material’s vibration-induced stress, elastic 
modulus, and Poisson’s ratio. Grid vibration-induced 
stresses are functions of the grid geometry, the g-load 
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encountered during vibration, and the material density. 
However, grid geometries and Poisson’s ratios are 
similar, and g-loads are the same for both titanium and 
molybdenum. Noting that the vibration-induced stresses 
are directly proportional to the material density, a 
vibration-induced plastic deformation ratio can be used 
to compare these materials. This ratio is defined as the 
vibration-induced stress divided by the yield strength 
and then normalized for molybdenum: 

q Mo ^ Mti 

Plastic Deformation Ratio = — ^ - = — jj-r- (3) 

tfy oE Gy P M ° 

where • vib and • y are vibration-induced stress and the 
yield stress at 0.2% offset, respectively. A grid 
movement ratio can be used to compare these materials, 
where this ratio is defined as the vibration-induced 
stress divided by the elastic modulus, E, and then 
normalized for molybdenum: 

o E Mo p E Mo 

Grid Movement Ratio = — 1 - — ~~z'"rr~ • (4) 

<*vib h P 

For both ratios, a material is at less risk of plastic 
deformation and will exhibit less grid movement than 
molybdenum for ratios less than I. Using material 
properties listed in Table 1, titanium was found to have 
a plastic deformation ratio of 0.60 due to its low density 
and high yield strength, but a grid movement ratio of 
1.4 due to its low elastic modulus. Titanium is, 
therefore, at less risk of plastic deformation by 
vibration-induced stresses. However, titanium grids will 
move more under comparable launch loads. It is unclear 
whether this increased grid movement for titanium will 
present a problem. 

Since grid geometries for both materials were 
similar, comparisons of molybdenum and titanium 
optics masses were made by comparing material 
densities. Titanium offers a 56% optics mass reduction 
over molybdenum. 

Thruster Operation Issues 

Ion thruster optics are operated at high voltages 
and elevated temperatures. As a result, thermal 
response, electrostatic pressure, interference with the 
discharge chamber magnetic circuit, and grid clearing 
issues were investigated. 

MacRae, et al. 9 presented grid temperatures for a 
30 cm J-Series ion thruster operating at a 350 W 
discharge power (which is similar to NSTAR ion 
thruster operation at full power) with no beam 
extraction. At equilibrium conditions, temperatures at 
the centers of the screen and accelerator grids were 353 
°C and 292 °C, respectively, with a 61 C° temperature 
difference. During start-up, this temperature difference 
was as large as 1 30 °C. Due to these high temperatures, 
temperature differences, and the close grid spacing, 
three thermo-mechanical issues were examined. They 


include buckling, grid deformation, and plastic 
deformation. 

During thruster operation, the grids will deform 
due to thermally-induced stresses, which could induce 
buckling and plastic deformation. The amount of 
thermally-induced deformation affects thruster 
operating parameters such as beam divergence, and, 
therefore, thrust. Grid buckling and plastic deformation 
can both prevent proper thruster operation and 
permanently damage the optics. The amount of grid 
deformation is a function of grid geometry, temperature 
distribution, and material thermal expansion. Noting 
that grid geometries are similar for both titanium and 
molybdenum, titanium grid deformation can be 
compared to that of molybdenum by comparing their 
thermal expansion coefficients and assuming similar 
temperature distributions for both materials. Using 
values from Table 1, titanium will thermally deform 
1 .8x more than molybdenum. 

Grid buckling can occur if thermal stresses are 
greater than the critical buckling stress. Grid thermal 
stresses are functions of the grid geometry, temperature 
distribution, material elastic modulus, Poisson’s ratio 
and material thermal expansion. The critical buckling 
stress is a function of grid geometry, Poisson’s ratio, 
and material elasticity modulus. Noting that grid 

geometries and Poisson’s ratios are similar for both 
titanium and molybdenum and assuming similar 

temperature distributions for both materials, thermally- 
induced stresses are directly proportional to: 

a.hcnn^E-a (5) 

where • , hcrm is the thermal stress and • is the material 
linear thermal expansion coefficient. The critical 
buckling stress is proportional to: 

o cr oc E (6) 

where • cr is the thermally-induced buckling stress. A 
buckling parameter can be established: 


BP = - 


(7) 


where buckling occurs only if the buckling parameter, 
BP, is greater than I. Titanium can, therefore, be 
compared to molybdenum by calculating a ratio of the 
buckling parameters: 


Buckling Ratio = 


BP 

BpMu 


G ihorro ^cr 

G $hcrm 



( 8 ) 


where candidate material has a greater probability of 
buckling than molybdenum only if the ratio is greater 
than 1 for a given grid geometry and temperature 
distribution. Using values from Table I, this ratio was 
calculated to be 1.8. Titanium is, therefore, at a greater 
risk of buckling than molybdenum. This is not 
surprising since molybdenum has a very small thermal 
expansion coefficient. Although later sections will 
show that there were no indications of thcrmally- 
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induced buckling up to the NSTAR high power level of 
2.3 kW, buckling should be considered at higher power 
levels where grid temperatures and, therefore, 
thermally-induced stresses are higher. 

Grid plastic deformation occurs when the 
thermally-induced stress is greater than the elastic limit 
stress. Since the elastic limit stress is not typically given 
in literature, the yield strength at 0.2% offset will be 
used. Thermal stresses are directly proportional to the 
material elasticity modulus and linear thermal 
expansion coefficient, as defined above. A thermally- 
induced plastic deformation parameter can be 
established: 

PDP=^i!s™. (9) 

where plastic deformation occurs only if the thermally- 
induced plastic deformation parameter, PDP, is greater 
than 1. Titanium can, therefore, be compared to 
molybdenum by calculating a ratio of the of the plastic 
deformation parameters: 

PDP E a a Mo 

Plastic Deformation Ratio = — = 

PDP Mo o y E Mo a Mo 

(10) 

where titanium has a greater risk of plastic deformation 
than molybdenum if the ratio is greater than 1. Using 
values from Table 1, this ratio was calculated to be 0.8. 
Titanium is, therefore, at a lesser risk of thermally- 
induced plastic deformation than molybdenum due to 
titanium’s high yield strength and low elastic modulus. 

To determine if the potential difference between 
the grids could induce significant grid movement, 

electrostatic pressure was examined. With a worse-case 
condition of a 1500 V potential difference and an 
unusually small 0.254 mm grid spacing, the resulting 
electrostatic pressure was determined to be 152 Pa 
(0.022 psi). This was calculated to induce insignificant 
grid movement, even when material properties were 
modified to account for grid perforation. 10 

Titanium’s magnetic properties were also 

examined to determine their effect on the discharge 
chamber magnetic circuit. As shown in Table 1, both 
titanium and molybdenum are weakly paramagnetic, 
and, therefore, have no impact on the thruster magnetic 
circuit. 

During long periods of thruster operation, sputter- 
deposited material, in part from the accelerator grid, 
will cause electrical shorts between the grids and cause 
high voltage recycles. It is anticipated that titanium’s 
lower thermal conductivity, higher resistivity, and 

lower vaporization temperatures would allow larger- 
sized titanium contaminants to be electrically cleared 
than those for molybdenum. 11 Furthermore, use of 
thermally-induced grid displacement techniques to clear 


grid shorts become more effective with titanium’s 
higher thermal expansion. 

Test Setup and Procedures 
Titanium Optics 

Several titanium grid sets (i.e. matching screen and 
accelerator grids) were successfully fabricated. A 
photograph of some titanium grids is shown in Fig. 3. 
These grid sets were fabricated in two separate lots, 
with the same screen grid material batch and different 
accelerator grid material batches used for each lot. The 
first fabrication lot had a production yield of 40% while 
the second had a yield 67%. No differences in 
fabrication lots due to differing accelerator material 
batches have presently been discerned. 

Screen grid aperture diameters were within a 4- 
11% range of the nominal diameter, which is higher 
than the 3% range typical of molybdenum screen grids. 
Accelerator grid aperture diameters were within a 13- 
24% range of the nominal diameter, which is higher 
than the 9% range typical of molybdenum accelerator 
grids. Accelerator apertures were also found to be 
slightly non-circular under microscopic examination. It 
is speculated that the large variability of the grid 
aperture diameters and the non-circular apertures may 
be the result some aspect of the chemical etching 
process. It is interesting to note that the most 
problematic grid (i.e. the accelerator grid) had the 
smallest apertures etched in the thickest material. 

The screen and accelerator grids used for the 
testing described in this paper had open area fractions 
that were 6% and 4% larger than the nominal NSTAR 
designs, respectively. These optics were mounted onto 
an NSTAR thruster mounting ring assembly, shown in 
Fig. 3. Although the grid cold gap along the outer 
perimeter of the active area was set to that of the 
NSTAR design, the active area mid-radius and center 
cold gaps were measured to be about 23% larger. This 
is believed to be the result of higher screen grid yield 
and tensile strengths, which could have caused the grid 
to spring-back more than the accelerator grid during 
hydrostatic forming. 

Thruster, Ground Support Equipment, and 
Operating Procedures 

The titanium optics were mounted onto an NSTAR 
30 cm engineering model ion thruster which is shown 
in Fig. 4 and described in detail in ref. 12. This thruster 
had accumulated about 1000 hours of operation with 
molybdenum optics. 

The thruster was powered by a power console 
described in ref. 13 that allowed the thruster to be 
throttled up to 2.3 kW. A high purity gas feed system 
was used to provide xenon to the discharge cathode, 
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discharge chamber, and neutralizer through separate 
mass flow controllers. 

Testing was conducted in Vacuum Facility 5 at the 
NASA Glenn Research Center. The facility is 4.6 m in 
diameter and 19.2 m in length. Although the facility can 
be pumped by 19 oil diffusion pumps and a cryogenic 
pumping system, only 14 oil diffusion pumps were used 
during these tests. The calculated pumping speed with 
xenon was approximately 95,000 1/s, with a facility 
base pressure of 1.7x10 4 Pa (1.3x1 O' 6 Torr) and 
background pressures as high as 7. 6x1 O' 4 Pa (5.7x10 6 
Torr) at a 2.3 kW thruster input power. 

During thruster operation, voltages and currents 
were measured with digital multimeters. At each beam 
current, the radial beam current density distribution was 
measured with a button probe located 1.0 cm 
downstream from the accelerator grid center. The probe 
current collecting area was 1.0 cm 2 and was swept on 
an arc through the grid center with an arc radius of 27.3 
cm. The probe was biased negative with respect to 
beam plasma potential to repel electrons and was 
grounded through a resistor that acted as a shunt to 
measure collected currents. 

Two tests were conducted. Both tests were 
designed to measure optics performance. During the 
first test, the thruster was step-ramped from low to high 
power at the nominal NSTAR power levels of TH0, 
TH4, TH8, TH10, THU, and TH15, which 

corresponded to nominal thruster input powers, 

voltages, beam currents, neutralizer currents, and xenon 
flows listed in Table 2 (a complete listing of NSTAR 
power levels can be found in ref. 14). At each power 
level, grid performance parameters such as 

impingement-limited pcrveance, electron 

backstreaming limit, and beam current density 
distribution, as well as other thruster performance 
parameters, were measured. 

During the second test, the thruster was started 
from room temperature and immediately brought up to 
full power (i.e. NSTAR power level THI5). The 
electron backstreaming limit was then monitored as a 
function of time. Since the electron backstreaming limit 
is a strong function of the hot grid gap, this 
backstreaming limit was used to determine optics 
thermal behavior. 

Results and Discussions 

The 30 cm titanium optics on the NSTAR ion 
thruster operated successfully over the entire NSTAR 
power range. Thruster behavior was nominal with an 
average high voltage recycle rate of less than two 
recycles per hour during steady-state operation. 

Impingement-limited pcrveance and electron 
backstreaming limit voltages for titanium optics are 
listed in Table 3 with results from molybdenum optics 


for comparison. Impingement-limited pcrveance 
voltages are also plotted in Fig. 5 as a function of beam 
current. The impingement-limited perveance voltages 
were derived from plots of accelerator current as a 
function of total voltage, shown in Fig. 6, where the 
slope was -2 mA/100 V. As Table 3 demonstrates, the 
impingement-limited perveance voltages for titanium 
optics were greater than those for titanium optics by a 
factor of 1.11-1.15. The electron backstreaming limit 
was determined by lowering the magnitude of the 
accelerator grid voltage until the beam current 
increased by 1 mA. The magnitude of the electron 
backstreaming limit voltages for titanium optics were 
0.91-0.93x those for molybdenum optics. 

These performance differences are likely due to the 
larger cold gap of the titanium optics at the active area 
center. The active area center dictates impingement- 
limited pcrveance and electron backstreaming limits 
because both performance parameters are strong 
functions of the peak beam current density. Beam 
current densities for the NSTAR thruster are peaked 
near the active area center, as demonstrated in Fig. 7. 
The maximum current per aperture is given by the 
perveance equation: 15 


_ *-g« £7 fdV 

9 V m. ' [ K J 


(ID 


where: 


C2) 

Here, J h is the beamlet current, • 0 is the permittivity of 
free space (8.85x1 0‘ 1: C 2 /N-m 2 ), q is the charge, m, is 
the ion mass, V t is the total voltage, I c is the effective 
acceleration length, d„ is the screen aperture diameter, l s 
is the screen grid thickness, and is the hot gap, which 
will be assumed to be the cold gap. Since beam current 
density profiles for both molybdenum and titanium are 
approximately the same, as demonstrated in Fig. 7 at 
2,3 kW, the beamlet currents for both grid materials can 
be equated. It can, therefore, be shown that: 

V, Ti 
v Mo 

v I 

Using nominal NSTAR dimensions for the 
molybdenum optics and the measured dimensions for 
the titanium optics, a voltage ratio of 1.1 1 is calculated, 
which is similar to those measured in Table 3. 

Using a semi-empirical equation derived by 
Kaufman to solve for the magnitude of the electron 
backstreaming limit voltage : {1 


[ 1 L d s ^ 


(13) 


K 


0.2 V, 



(14) 
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where V a is the accelerator voltage, d a is the accelerator 
aperture diameter, and t a is the accelerator grid 
thickness. By noting that the accelerator aperture 
diameters and thicknesses are approximately equal for 
both materials, it can be shown that: 



The above equation yields an accelerator voltage ratio 
of 0.90, which is similar to the measured values in 
Table 3. Both this result and that for the impingement- 
limited perveance indicate that reducing the titanium 
optics’ cold gap at the active area center to the nominal 
NSTAR gap should eliminate these differences. 

Comparisons of accelerator-to-beam current and 
discharge losses for titanium and molybdenum optics 
are listed in Table 4. As the table shows, accelerator 
currents for titanium optics were I.2x higher than those 
for molybdenum grids. The higher accelerator currents 
for the titanium optics were likely caused by an 
increased direct ion impingement. This increased direct 
impingement was likely the result of: 1) the titanium 
optics tested were new while the molybdenum optics 
used for comparison had been operated for some time 
and were “burned-in”; and 2) poor optics alignment. 
Regarding the former cause, new optics tend to have 
higher-than-normal impingement currents. After 
accumulating some operating time, accelerator grid 
apertures become sputter-eroded, and the impingement 
current tends to decrease rapidly. This is demonstrated 
in ref. 3 and 18, where NSTAR thruster accelerator 
currents decreased by as much as 50% within the first 
1500 hours of life testing, after which they remained 
nearly constant. Unfortunately, no impingement current 
data for new molybdenum optics at similar background 
pressures and operating conditions were available for 
comparison. 

Table 4 also shows that discharge losses for 
titanium grids were 0.9x those for molybdenum. This 
improvement was likely due to the slightly larger 
titanium screen grid open area fraction. 

Radial distributions of beam current density with 
titanium optics were very similar to those with 
molybdenum optics at all power levels. This is 
demonstrated in Fig. 7, which compares radial beam 
current density distributions for both titanium and 
molybdenum optics at 2.3 kW (i.e. a beam current of 
1 .76 A). Table 3 also shows that the peak beam current 
densities for both titanium and molybdenum optics 
were very similar. No radial beam current density 
distribution gave any indication of thermally-induced 
buckling. 

Fig. 8 shows the electron backstreaming limit 
voltage difference (i.e. the temporal value minus the 
final equilibrium value) as a function of time for both 
titanium and molybdenum optics, where the thruster 


was set to 2.3 kW immediately following ignition from 
room temperature.. The electron backstreaming limit 
voltage is a function of grid gap, therefore, the time 
required for this limit voltage to stabilize approximates 
the time required for the electrodes to achieve thermal 
equilibrium. The data in Fig. 8 for both molybdenum 
and titanium optics show that the screen grid heats up 
much faster than the accelerator grid, probably because 
the screen grid has a considerably smaller thermal mass 
and is enclosed within the thruster. As a result, the 
screen grid dome height initially increases more than 
that of the accelerator grid, thereby reducing the hot 
gap, especially at the grid center. Further heating 
increases the accelerator grid height until the hot gap 
stabilizes and thermal equilibrium is achieved. Fig. 8 
shows that the titanium optics achieved thermal 
equilibrium about 10 minutes faster than molybdenum 
optics. 

Future work should include reducing the grid gap 
at the active area center and repeating the 
aforementioned tests. Since titanium’s higher 
thermally-induced grid deformation can affect beam 
divergence and thrust, far-field beam current densities 
and thrust should be measured. To address grid 
movement from vibration-induced stresses, titanium 
optics should be vibration-tested. Fabrication issues 
such as the slightly non-circular accelerator grid 
apertures should also be investigated. Finally, titanium 
optics should be wear-tested on a 30 cm ion thruster to 
demonstrate improved total impulse capability. 

Conclusions 

A development effort was initiated to identify a 
material with a lower accelerator grid volumetric 
sputter erosion rate than molybdenum, but that could 
utilize the present NSTAR thruster grid design and 
fabrication techniques to keep development costs low, 
and perform as well as molybdenum optics. After 
having compared the sputter erosion rates of several 
atomic materials to that of molybdenum at typical 
accelerator voltages, titanium was found to offer a 45% 
reduction in volumetric erosion rates and could be made 
with the existing grid fabrication process. 

To ensure that screen grid sputter erosion rates 
would not limit thruster total impulse capability, 
erosion rate measurements were made on titanium and 
molybdenum samples in a simple xenon discharge. 
Preliminary results showed only a slightly higher 
volumetric erosion rate for titanium, so that screen grid 
erosion is insignificant. 

A number of material, thermal, and mechanical 
properties were also examined to identify any 
fabrication, launch environment, and thruster operation 
issues. Titanium was found to come in larger sheet 
widths than molybdenum so that larger diameter optics 


NASA7TM — 1999-209650 


7 



can be made, and was also found to be cheaper than 
molybdenum. Although the present NSTAR screen grid 
thickness had to be increased by 7% because this size 
was more readily available, titanium’s lower density 
allowed for a 56% reduction in optics mass. Although 
titanium was at less risk for plastic deformation than 
molybdenum under launch and thermally-induced 
stresses during thruster operation, grid movement 
would be greater under launch loads. The risk of 
thermally-induced grid buckling during thruster 
operation would be increased, however, testing 
demonstrated that this was not a problem. Grid 
movement under electrostatic pressure and interference 
with the discharge chamber magnetic circuit were also 
found to be insignificant, while grid short clearing was 
improved for titanium. 

Several titanium grid sets were successfully 
fabricated. Both screen and accelerator grids exhibited a 
larger variability in aperture diameters than with 
molybdenum and accelerator grid apertures were 
slightly non-circular. 

The titanium optics were mounted onto an NSTAR 
30 cm engineering model ion thruster and tested to 
determine optics performance. The titanium optics 
operated successfully over the entire NSTAR power 
range of 0.5 to 2.3 kW. Impingement-limited pervcance 
voltages and the magnitude of the electron 
backstreaming limit voltages for molybdenum optics 
were greater than and less than those for titanium 
optics, respectively. Both differences could be 
explained by a larger cold gap for the titanium optics. 
Such differences could be eliminated by reducing the 
titanium optics’ cold gap at the active area center to the 
nominal NSTAR gap. 

Although accelerator currents for titanium optics 
were higher than those for molybdenum grids, this 
increase was likely the result of poor optics alignment 
and the fact that the molybdenum optics used for 
comparison were “bumed-in” and not new. Discharge 
losses for titanium grids were lower than those for 
molybdenum, likely due to the slightly larger titanium 
screen grid open area fraction. Radial distributions of 
beam current density with titanium optics were very 
similar to those with molybdenum optics at all power 
levels. 

Electron backstreaming limit was measured as a 
function of elapsed time from ignition. Since the 
electron backstreaming limit is a strong function of the 
hot grid gap, the time required for this limit voltage to 
stabilize approximated the time required for the grids to 
achieve thermal equilibrium. Titanium optics achieved 
thermal equilibrium about 10 minutes faster than 
molybdenum optics. 
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Table 1. Material properties for molybdenum and titanium. 


Material Property 

Molybdenum 3 

Titanium 11 

Atomic Mass, amu 

95.94 

47.90 

Density, gm/cm 3 

10.22 

4.51 

Thermal Properties 



Melting Point, °C 

2610 

1650-1670 

Thermal Conductivity, W/m-K 

145 (0 °C) 

17.4 (20 °C) 


136 (200 °C) 

16.9 (205 °C) 


128 (400 °C) 

17.3 (425 °C) 

Thermal Expansion, pm/m-K 

5.1 

9.2 

(20-540 °C) 

(0-540 °C) 

Total Hemispherical Emittance 

0.08 (200 °C) 

0.30 (200 °C) 

0.09 (400 °C) 

0.30 (400 °C) 


0.11 (600 °C) 

0.31 (600 °C) 

Electrical Properties 



Resistivity (pQcm) 

5.2 (0 °C) 

42.0 (20 °C) 

1 1 (200 °C) 

82 (200 °C) 


15 (400 °C) 

114(400 °C) 

Magnetic Properties 



Magnetic Susceptibility at 20 °C, 

120x1 0' 6 

180x1 0' 6 

mks 



Mechanical Properties 
Elastic Modulus, GPa (10 6 psi) 

324 (47) 

104(15.1) 

Tensile Strength, 0 MPa (ksi) 

795 (115) 

552 (80.0) 

Yield Strength @ 0.2% Offset/ 

655 (95) 

483 (70.0) 

MPa (ksi) 



Elongation (%) 

5-6 

15 

Poisson’s Ratio (25 °C) 

0.32 

0.34-0.40 


"Molybdenum material properties are for the stress-relieved condition; data from ref. 19 and 20. 
Titanium and niobium properties are for the annealed condition; data from ref. 19 and 21. 
TJltimate tensile and yield strength properties are minimum required values. 


Table 2. Nominal thruster operating parameters. 


NSTAR 

Power 

Level 

Input 

Power, 3 

kW 

Beam 

Current, 

A 

Beam 
Voltage, h 
V 

Accelerator 
Voltage, c V 

Neutralizer 
Keeper 
Current, A 

Main 

Flow, 

seem 

Discharge 
Cathode 
Flow, seem 

Neutralizer 

Flow, 

seem 




650 

-150 

2.0 

5.98 

2.47 

2.40 

TH4 


0.71 

1100 

-150 

2.0 

8.30 

2.47 

2.40 

TH8 

1.4 

1.10 

1100 

-180 

1.5 

14.4 

2.47 

2.40 


1.7 

1.30 

1 100 

-180 

1.5 

17.2 

2.56 

2.49 

THII 1 

1.8 

1.40 

1 100 

-180 

1.5 

18.5 

2.72 

2.65 

TH15 

2.3 

1.76 

1100 

-180 

1.5 

23.4 

3.70 

3.60 


a Nomina! values. 

Tower supply voltage. 

c When starting the thruster from a cold condition, accelerator voltage is initially set to -250 V for 2 hours to 
prevent electron backstreaming from transient heating of the optics. 
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Table 3. Titanium and molybdenum optics performance. 


NSTAR 

Power 

Level 

Beam 

Current, 

A 

Peak Beam 
Current Density, 
m A/cm 2 
Ti Mo a 

Impingement-Limited Total 
Voltage, V 

Ti Mo h Vt Ti /Vt Mo 

Electron Backstreaming 
Limit, V 

Ti Mo” Va Ti /Va' 

THO 

0.50 

2.9 

3.2 

750 

660 


-60 

-66 

0.91 

TH4 

0,71 

4.0 

4.1 

840 

740 

1.14 

-111 

-121 

0.92 

TH8 

1.10 

5.4 

5.6 

990 

860 

1.15 

-125 

-134 

0.93 

TH10 

1.30 

5.9 

6.2 

1035 

920 

1.13 

-128 

-140 

0.91 

TH1 1 

1.40 

6.2 

- 

1070 

- 

- 

-133 

- 

- 

THI5 

1.76 

6.8 

7.0 

1170 

1050 

1. 11 

-143 

-154 

0.93 


a Data from same engineering model thruster with NSTAR molybdenum grids operated in Vacuum Facility 5. 
h Data from ref. 14, Flight Thruster 1, First functional test at GRC. 


Table 4. Ion thruster test results with titanium and molybdenum optics at similar background pressures. 


NSTAR 

Power 

Level 

Beam 

Current, 

A 

Accelerator 

Current, 

mA 

Acceleralor-to-Beam 
Current, % 

Ti Mo" Ti/Mo 

Discharge Losses, 3 W/A 
Ti Mo c Ti/Mo 

THO 


2.2 

0.44 

- 

- 

241 

268 

0.90 

TH4 

1 

3.0 

0.42 

0,34 

1.24 

222 

252 

0.88 

TH8 


5.7 

0.52 

0.43 

1.21 

198 

218 

0.91 

TH10 

1.30 

7.0 

0.54 

0.46 

1.17 

189 

- 

- 

TH1 1 

1.40 

8.4 

0.60 

- 

- 

189 

- 

- 

TH15 

1.76 

11.3 

0.64 

0.52 

1.23 

188 

207 

0.91 


a Assume only singly-charged ions. 

h Data from same engineering model thruster with NSTAR molybdenum grids operated in Vacuum Facility 5 at 
similar background pressures. 

c Data from same engineering model thruster with new NSTAR molybdenum grids operated in Vacuum Facility 
5 . 



Xenon Energy, eV 


Fig. 1. Erosion ratios of various materials as a function of xenon ion energy. Data from ref. 6 and 7. 
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Fig. 3. Photograph of titanium grids with and without the thruster mounting ring. 
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Impingement-Limited Voltage, V 


Fig. 4. Titanium optics installed onto an NSTAR engineering model ion thruster. 



Beam Currenl, A 

Fig. 5. Impingement-limited perveance voltage (i.e. total voltage) as a function of beam current. Molybdenum 
optics test results are from NSTAR optics operated on the same engineering model thruster. 
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600 700 800 900 1000 1100 1200 1300 

Tola! Voltage. V 


Fig. 6. Accelerator current as a function of total voltage. 



Radial Location, cm 

Fig. 7. Beam current density profiles for both titanium and molybdenum optics at a 1.76 A beam current and 
a 2.3 kW nominal input power. Molybdenum optics test results are from NSTAR optics operated on the same 

engineering model thruster. 
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Electron Backstreaming Limit Voltage Difference. V 



0 20 40 60 80 100 120 HO 

Elapsed Time, min 


Fig. 8. Electron backstreaming voltage limit difference (i.e. temporal value - final equilibrium value) as a 
function of elapsed time for titanium and molybdenum optics at a 2.3 kW nominal input power. Molybdenum 
optics test results are from Flight Thruster 1 optics of ref. 14. 


NASA/TM— 1999-209650 


14 




REPORT DOCUMENTATION PAGE 


Form Approved 
OMB No. 0704-0188 


Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson 
Davis Highway. Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-01 B8). Washington, DC 20503. 


1. AGENCY USE ONLY {Leave blank) 


TITLE AND SUBTITLE 


2. REPORT DATE 


December 1999 


REPORT TYPE AND DATES COVERED 

Technical Memorandum 


5. FUNDING NUMBERS 


Titanium Optics for Ion Thrusters 


6. AUTHOR(S) 


WU-632-1B-1B-00 


George C. Soulas, Thomas W, Haag, Michael J. Patterson, and Vincent K. Rawlin 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
John H. Glenn Research Center at Lewis Field 
Cleveland, Ohio 44135-3191 


8. PERFORMING ORGANIZATION 
REPORT NUMBER 


E- 1 2004 


9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 


10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 


NASA TM — 1 999*209650 
IEPC 99-149 


11. SUPPLEMENTARY NOTES 


Prepared for the 26th International Electric Propulsion Conference sponsored by the American Instittue of Aeronautics 
and Astronauitcs, Kitakyushu, Japan, October 17-21, 1999, George C. Soulas, Dynacs Engineering Company, Inc., 
2001 Aerospace Parkway, Brook Park, Ohio 44142; Thomas W. Haag, Michael J, Patterson, and Vincent K. Rawlin, 
NASA Glenn Research Center. Responsible person, Thomas W. Haag, organization code 5430, (216) 977-7423. 


12a. DISTRIBUTION/AVAILABILITY STATEMENT 


12b. DISTRIBUTION CODE 


Unclassified - Unlimited 
Subject Category: 20 


Distribution: Nonstandard 


This publication is available from the NASA Center for AeroSpacc Information, (301 ) 621-0390. 


13. ABSTRACT (Maximum 200 words) 

Ion thruster total impulse capability is limited, in part, by accelerator grid sputter erosion. A development effort was initiated to identify 
a material with a lower accelerator grid volumetric sputter erosion rate than molybdenum, but that could utilize the present NSTAR 
thruster grid design and fabrication techniques to keep development costs low, and perform as well as molybdenum optics. After 
comparing the sputter erosion rates of several atomic materials to that of molybdenum at accelerator voltages, titanium was found to 
offer a 45% reduction in volumetric erosion rates. To ensure that screen grid sputter erosion rates are not higher at discharge chamber 
potentials, titanium and molybdenum sputter erosion rates were measured at these potentials. Preliminary results showed only a slightly 
higher volumetric erosion rate for titanium, so that screen grid erosion is insignificant. A number of material, thermal, and mechanical 
properties were also examined to identify any fabrication, launch environment, and thruster operation issues. Several titanium grid sets 
were successfully fabricated. A titanium grid set was mounted onto an NSTAR 30 cm engineering model ion thruster and tested to 
determine optics performance. The titanium optics operated successfully over the entire NSTAR power range of 0.5 to 2.3 kW. 
Differences in impingement-limited pervcances and electron backstrcaming limits were found to be due to a larger cold gap for the 
titanium optics. Discharge losses for titanium grids were lower than those for molybdenum, likely due to a slightly larger titanium 
screen grid open area fraction. Radial distributions of beam current density with titanium optics were very similar to those with 
molybdenum optics at all power levels. Temporal electron backstrcaming limit measurements showed that titanium optics achieved 
thermal equilibrium faster than molybdenum optics. 


14. SUBJECT TERMS 


Ion thruster; Ion optics; Grids 


17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 
OF REPORT OF THIS PAGE 


Unclassified 


Unclassified 


19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 


15. NUMBER OF PAGES 

20 


16. PRICE CODE 

A03 


20. LIMITATION OF ABSTRACT 


Standard Form 298 (Rev. 2-89) 

Prescribed by ANSI Std. Z39-18 
298-102 























